A command procedure has been developed for the U.S. Army Research Laboratory (ARL) molecular beam epitaxy (MBE) computer control system that allows a user to set up the system for an automated, unattended start each morning. The automated sequence consists of-1. A system safety check to determine if cell ramping should be allowed.
The US. Army Research Laboratory (ARL) molecular beam epitaxy (MBE) system is controlled by a PC-based system called "Molly," which is supplied by EPI Technologies, Inc. Molly provides a script language that can be used to create command procedures that execute customized sequences of actions on the MBE system. Possible actions are reading and setting cell temperatures, opening and closing shutters, reading pressure gauges, and turning the substrate holder.
The PC-based control system replaced an older PDP-11 system. The shortcomings of this latter system were clarified after a malfunction during which the MBE machine had been programmed to start a cell up-ramp when the liquid nitrogen had been inadvertently turned off. This caused damage to the growth system, requiring venting and replacement of some cells. Although the PDP-H-based system could read pressures, it did not allow decisions to be programmed in to make actions conditional on any system status parameter. Molly provided a solution to this problem but required custom written code. This report describes the result of that effort.
Flow Chart
The logic behind the developed script is that the MBE system is idling over night, with the evaporation cells at a low temperature at which the evaporation rate is negligible.
After the system vacuum is checked to ensure a safe up-ramp, the cells are slowly brought up to an outgassing temperature above the estimated set points for growth. The up-ramp is typically 0.5 hr, to allow the cells to thermalize to avoid stresses. At the peak temperature, the shutters are opened for about 10 min. to allow material that may have condensed, at or near each cell at the idling temperatures, to be evaporated so as to provide cleaner molecular beams during growth. After outgassing, the shutters are closed and the cell temperatures are lowered to the previous day's set points.
Because material is consumed during growth and the temperature sensor in each cell does not perfectly represent the melt temperature from day to day, the previous day's set points typically do not exactly reproduce the previous day's fluxes. The set points must therefore be changed based on the difference between measured fluxes and the target. All cells obey a linear relationship between the logarithm of the flux and the inverse of the absolute temperature of the cell. This relationship is used to calculate the needed temperature change based on the measured flux difference. After a new temperature is set, the computer is programmed to wait a predetermined time to let the cell reach equilibrium before a new measurement is taken. Some hysteresis is typically experienced in this process that requires up to about six repetitions before acceptable accuracy is reached. The accuracy ( I (target-measured)/target I ) is a variable that is typically set to 0.0025-a level of precision for which a human operator seldom can muster the patience.
The actual process of measuring the fluxes has been designed to avoid the flux transients typically seen when shutters are opened. These transients are caused by the fact that with the shutter in closed position, heat from the melt surface is radiated back from the shutter to the melt. When the shutter is abruptly opened, the steady state is interrupted and heat radiation is lost from the melt at a higher rate, resulting in a drop in the flux. After some time, the thermocouple at the bottom of the crucible experiences a drop in the melt temperate, prompting the controller to increase the power to the cell until the temperature set point is restored. After this control sequence has reached a new steady state, the flux is stable. The measurement of the flux must consequently be done at this point or later and not during the transient.
The ionization gauge used for flux measurements is turned away from the cells when it is not used for measurements to increase its lifetime. A flux measurement sequence thus consists of (1) opening the shutter for a predetermined time (usually 10 min.), (2) turning the gauge toward the cell, (3) averaging of 10 flux readings to determine the flux plus the background pressure, (4) closing the shutter, (5) waiting for the gauge reading to stabilize, (6) averaging of 10 flux readings to determine the chamber background pressure, (7) subtracting the second reading from the first to obtain the net flux, and (8) turning away the gauge from the cells again. If the measured and target fluxes deviate more than the preset accuracy, a new temperature is calculated and set. The system then waits for the cell to stabilize at the new temperature.
During the calibration sequence, the pressures and temperatures are logged in a standard file. The data in this file can be extracted and plotted as in figure 1 on page 4. A good practice is to save the log file with the day's date for future reference.
For the script file to properly execute, certain information must be provided. The start time of the ramps.
Optionally, other parameters can be changed, although the default values normally provide good performance. These parameters include the calibration accuracy, the slope and intercept of the flux versus temperature lines, the outgassing temperature expressed as a percentage above the growth set point, and the chamber pressure that cannot be exceeded if ramping is to be started. The Appendix contains the script listing. 
Summary and Conclusion
Control code has been developed to allow unattended start-up of an MBE system. The code has been used and tested numerous times and delivered very accurate growth parameters and subsequent crystal layers with extremely small thickness and composition errors. In at least one case, the cell up-ramp was not started because of an excessively high-growth chamber pressure, thus preventing potential harm to the system.
Appendix. Script Listings
The following is a script listing of commands that execute a customized sequence of actions on the MBE system. /* /**************************f************~~~~~~~~~~~~~~~~~~~*~~~~~~~~~~~~~~~~**~~~~**~~*~, /* ------------------------- 
